The magnetic vortex in nanopatterned elements is currently attracting enormous interest. A priori, one would assume that the formation of magnetic vortex states should exhibit a perfect symmetry, because the magnetic vortex has four degenerate states. Here we show the first direct observation of an asymmetric phenomenon in the formation process of vortex states in a permalloy (Py, Ni 80 Fe 20 ) nanodisk using high resolution fullfield magnetic transmission soft X-ray microscopy (MTXM). Micromagnetic simulations confirm that the intrinsic Dzyaloshinskii-Moriya interaction (DMI), which arises from the spin-orbit coupling due to the lack of inversion symmetry near the disk surface, as well as surface-related extrinsic factors are decisive for the asymmetric formation of vortex states.
Introduction
Vortices and antivortices are topological excitations with a half-integer skyrmion charge of q = |np/2| = 1/2, where n is the winding number and p is the polarity. Vortices have a winding number of n=+1 and a polarity of p = ±1, whereas antivortices have n = -1 [1] [2] [3] .
Magnetic vortices are characterized by an in-plane curling magnetization (chirality) and a nanometer-sized central region with an out-of-plane magnetization (polarity) [4] [5] [6] . The latter is defined by a clockwise (c = 1) or counter-clockwise (c = -1) rotation of the in-plane magnetization. The polarity is the orientation of the core magnetization, either pointing up (p = 1) or down (p = -1). With two possible orientations of c and p, four different ground states of a magnetic vortex can occur 7, 8 . The magnetic vortex structure constitutes a fascinating topological structure for fundamental studies of nanoscale spin behavior and offers great potential as a novel concept in data storage technologies [9] [10] [11] [12] [13] [14] [15] . A priori, one would expect the energy of the four states to be degenerate. A non-degeneracy would not only constitute an unconventional physical phenomenon at the nanoscale but could also lead to potentially interesting applications of magnetic vortices with regard to magnetic sensor or logic elements 16, 17 . Owing to the lack of experimental techniques enabling simultaneous imaging of in-plane (c) and out-of-plane (p) magnetic components in nanopatterned structures, most of the experiments on magnetic vortices reported so far have focused on either the chirality or polarity 9, 15 . Therefore, the degeneracy of a magnetic vortex has not been experimentally verified to date.
In this article, we report the first experimental result for symmetry breaking in the formation process of vortex states in a single circular permalloy (Py, Ni 80 Fe 20 ) nanodisk.
The origin of the experimentally observed asymmetric phenomenon is interpreted as the combination of an "intrinsic" Dzyaloshinskii-Moriya interaction (DMI) arising from the spin-orbit coupling 17, 18 and surface-related "extrinsic" factors, such as edge defects, surface roughness, etc. We utilize full-field magnetic transmission soft X-ray microscopy (MTXM) with high-spatial resolution down to 20 nm 19 because the use of X-ray magnetic circular dichroism for magnetic contrast allow us to observe chirality and polarity simultaneously in a large array of permalloy (Py, Ni 80 Fe 20 ) disks and therefore to address the formation process of magnetic vortex states in applied external magnetic fields.
Results
Imaging of magnetic vortex structures. Figure 1 shows MTXM images of the in-plane (Fig 1a) and out-of-plane (Fig 1b) To enhance the statistical significance, a total of 50 repeated observations in an array of 30 nanodisks, which yields a total of 1500 independent measurements, was analyzed.
Although we found that the dominantly generated VS group for an individual nanodisk can be either cp = 1 or cp = -1, we always found an asymmetric generation ratio for the for the two VS groups. In Table 1 , we list the averaged generation probabilities of VSs, where dominantly (recessively) formed VS groups are denoted as majority (minority).
The generation probabilities of majority and minority are found to be 0.71 ± 0.08 and 0.30 ± 0.06, obviously indicating an asymmetry. On the other hand, as also shown in table 1, the two VSs belonging to the same VS cp-group are almost symmetrically generated. This result clearly confirms that an experimentally observed symmetrybreaking phenomenon occurs in the formation of two VS groups with different handedness. This is completely unexpected, assuming that there is equal probability, regardless of handedness, in a single circular nanodisk to generate the four different VSs.
3D micromagnetic modeling.
To interpret and explain the asymmetric process of VS formation, we took the Dzyaloshinskii-Moriya interaction (DMI) into consideration, since it inevitably arises from the spin-orbital coupling due to the broken inversion 5 symmetry at surfaces/interfaces in magnetic thin layers 17, 18 . The DMI has been discussed as the origin for spin spiral textures and has been theoretically predicted to affect the shape and size of magnetic vortices 20, 21 . To explore the effect of DMI on the asymmetric formation process of VS, we calculated the generation probabilities of each VS by performing a micromagnetic simulation of the magnetization process of a nanodisk from saturated state to zero-field state. The simulation was carried out with our original code, which was expanded to include the DMI term in the following form:
The first and second terms correspond, respectively, to the exchange energy and the magnetostatic energy with the stray field H ms . The last term is DM energy given as
where D is the Dzyaloshinskii constant, which determines the magnitude of the DMI and its sign specifies the orientation of spin spiral state due to the DMI 18, 20 . For this simulation, we adapted a 3D model where the DMI exists only on the disk surfaces (top, bottom, and lateral) since the DMI is considered to be localized at the surface 18, [22] [23] [24] . A schematic diagram of the 3D modelling is shown in Fig. 3 . The model system is a Py circular disk with r = 500 nm and h = 100 nm ( Fig. 3 (a) model, the DMI term on the lateral surface is given in the radial direction, while the DMI term on the top/bottom surfaces is given in the z-and angular coordinates in the local cylindrical system. Each coordinate of the DMI on the lateral surface and the DMI on the top/bottom surfaces corresponds to the out-of-plane and in-plane coordinate, respectively.
As material parameters for Py, we used M s = 8.6 × 10 5 A/m, exchange stiffness A ex = 1.3 × 10 -11 J/m, zero magnetocrystalline anisotropy, and damping constant α=1.00.
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Simulation for the generation probability of each VS. To investigate the generation probability of each VS under the influence of the DMI, we chose the initial magnetization structure to be a single-domain structure pointing into the same direction (saturated state)
by an applied external magnetic field of 150 mT. The external field was decreased from 150 mT with a sweep rate of 1 mT/ns until the final state was completed. In the experiment, the change of the magnetization structure was gradual because of the very slow magnetic field sweep rate. On the other hand, a very fast sweep rate had to be used in the simulation because of the limitation of the calculation time. We used a Gilbert damping constant α of 1 to make the change of the magnetization structure gradual with a fast sweep rate, thereby mimicking the experiment. cores when the cores generate on both sides of disk. In the absence of DMI, the same final VS can be defined by different nucleation and magnetization behaviors. At D≠0, the nucleation mechanism is rather simple (Supplementary Movies 1) , which might be due to the DMI causing selectivity. The details of the nucleation stage, configuration of multiple cores, motions of cores, annihilating process, and the mechanism of polarity determination can be different, depending on the DM constant. To examine the generation probabilities of each VS, the simulation for the nanodisk magnetization process was repeatedly carried out. We also included thermal noise at T=300 K 25 to
introduce stochasticity into our model. The simulation was repeated 200 times for each DM constant and the generation probabilities of cp = 1 or -1 were calculated to match the experimental approach. In addition to the simulation with the DMI included on all surfaces, we have also performed the simulation for the case of the DMI existing only on the lateral surface or only on the top and bottom surfaces, respectively. We found that the nucleation mechanism, formation process, and the generation probability of VS are considerably different in each case ( Supplementary Fig. S1 , Supplementary Table S1 ).
The results obtained by the simulation with the DMI on all surfaces show comprehensive nucleation and formation processes driven by contributions of all DMI on the lateral surface and top/bottom surfaces.
Discussion
The simulation results are summarized in Table 2 . The generation probabilities of the VS groups of cp = 1 and cp = -1 are asymmetric and the value of the asymmetry scales with the DM constant. This clearly demonstrates that the DMI has a strong impact on the asymmetric generation of cp = 1 or -1. Remarkably, we observe in the simulation that the in-plane magnetization always proceeds in such a way that the chirality with counterclockwise rotation sense (c = -1) is generated irrespective of the size of the DM constant and the final state, thereby establishing an unprecedented phenomenon that is due to the DMI. This simulation finding is inconsistent with the experimental result, which observes both chiralities of c = -1 and c = 1 ( Fig. 1 and Fig. 2) . This difference strongly suggests that surface-related "external" factors such as edge defects, roughness, and geometric variations of individual disks etc. might also have an impact on the experimentally observed results in real nanodisks 25 . Thus, the experimental observation that the preferred VS group is different in some nanodisks can be attributed to surface-related external factors to the formation process of VS. Such surface-related defects, which happen to 8 occur inevitably and randomly in individual nanodisks, will affect the magnetization process in particular the nucleation mechanism, which is crucial for the determination of the final state. Therefore, we conclude that both the "intrinsic" DMI and the surfacerelated "extrinsic" factors are important aspects to explain the experimentally observed asymmetric generation behaviour of VS.
To summarize, we have experimentally shown that vortex states in a single magnetic nanodisk experience a symmetry breaking in the formation process, which is contrary to the a priori assumption that a magnetic vortex has four different but degenerate ground states. This asymmetric formation process of VS is essential to precisely control the magnetic/spin process in magnetic vortices, which is needed to realize vortex-based datastorage devices. We interpret our experimentally observed asymmetric phenomenon as a consequence of the "intrinsic" DMI, but we also take surface-related "extrinsic" factors such as edge defects and/or roughness, etc. into account. Our results might impact both the fundamental understanding of nanoscale spin behavior and its potential for technological applications.
Methods
Sample preparation and MTXM measurement. Permalloy (Py) nanodisks with a radius of 500 nm and a thickness of 100 nm were patterned by electron-beam lithography and lift-off process. 30 × 30 nanodisk arrays with a center-to-center distance of d=1150, 1200, 1500, and 1800 nm were deposited on 100-nm-thick silicon-nitride membranes to allow for sufficient transmission of soft X-rays. Permalloy films were prepared by means of evaporation in an ultrahigh vacuum using an electron-beam gun at a pressure lower than 1 ×10 -7 Torr. The disks exhibit a polycrystalline structure. Direct observation of vortex structures in Py nanodisks was carried out using full-field magnetic transmission X-ray microscopy (MTXM) at the Advanced Light Source (beamline 6.1.2.) 19 The generation probabilities of the majority and the minority derived from a total of 1500 measurements. The probabilities of S1 and S2 in the VS group with cp = 1 and S3 and S4
in the VS group with cp = -1 are displayed, respectively. The errors represent the standard deviation in generation probabilities of VSs for 30 nanodisks. 
